With global warming and extensive infrastructure development close to rivers, the impacts of flooding events have greatly increased over recent years. To support flood management, early prediction is very useful. In this research, we have developed a decision support system for flood prediction and monitoring that integrates GIS and hydrological modelling with additional bridge sensors and users' observations. Hydrological modelling considers a wide range of information that affect flooding such as snow conditions, temperatures, precipitation patterns, water levels and stream to generate flood predictions. The predicted water levels for the next 24 and 48 hours can be displayed via dynamic web pages, and overlaid with maps of the transportation network, property boundaries, municipal infrastructure and water depth contour lines. In conclusion, this research can provide good flood prediction precision and strong support to the public evacuation if flood events happen.
Introduction
Flooding disasters are common natural disasters in the world. Each year, they result in much damage to people's properties and sometimes also their lives. In spring 1973, the lower Saint John River in the Fredericton area (New Brunswick, Canada) experienced its worst ever recorded flooding, resulting in economic losses of $31.9 million, and leaving one person dead [1, 2] . At the peak of the flood, private houses and public buildings were flooded, and roads and bridges were damaged [3] . Since 1973 other floods have left another three persons dead and caused more than $68.9 millions in damage. Overview of Saint John River.
The study area of this research (see Figure 1 ) is the Saint John's flood plain area along a 90 km long section of the river from Fredericton to Oak Point. Flooding has been a significant problem in this area for some time.
Hydrological modelling
Flood forecasting on the Saint John River has been carried out by the Hydrology Centre of the New Brunswick Department of Environment with the cooperations of interprovincial and international agencies. Both hydrologic and hydraulic models are utilized in order to forecast water levels in the lower Saint John River. The basic component of the system is the U.S. Army Corps of Engineers' Streamflow Synthesis and Reservoir Regulation (SSARR) model. The Simulated Open Channel Hydraulics (SOCH) model of the Tennessee Valley Authority and the Dynamic Wave Operational (DWOPER) model [4] [5] [6] of the National Weather Service are also used.
The Hydrology Centre monitors the water levels, streamflows and climate with partner agencies, and coordinates a cooperative snow survey with reports for the entire Saint John River Basin. There are networks of 25 streamflow gauges, 16 water level gauges [7] , and 43 climate stations throughout the Saint John River Basin. The data is being transmitted to the Hydrology Centre through a variety of telecommunication systems. The data is processed, quality controlled and analyzed before being accepted as input data to the models.
Comparisons of predicted and actual water level observations over the last 10 years have shown that these forecasted river water levels have a 95% confidence level of 0.2 m. This system therefore has very good flood prediction capabilities [3] . However, the predicted water levels provided by this system cannot satisfy the requirements of the decision support system for flood events. Indeed, they neither directly display the areas affected by flooding, nor show the difference between two flood events. Based on the water levels, it is hard for users to directly determine which houses, roads, and structures will be affected by the predicted flooding. To deal with this problem, it is necessary to interface the output from hydrological modeling to a Geographic Information System (GIS).
In the past decades, hydraulic and hydrologic engineers have developed many methods for delineating floodplain boundaries. Most of these methods are manual, tedious, and labour-intensive. With the advent of robust computer tools and high accuracy Digital Terrain Model (DTM), automated floodplain delineation is achievable [8, 9] . Recently, several management systems for floodplain delineation have been developed and applied in the flood event areas. These include floodplain delineation using watershed Modeling System (WMS) [10] , Arc/Info MIKE11_GIS [11] , and HEC-GeoRAS [12] .
Integration of flood modelling and GIS
Several provincial and research organisations in New Brunswick (University of New Brunswick, Emergency Measures Organization, NB Department of Environment, etc.) have been actively involved in the project, developing flood modelling software, additional bridge sensor observations and the multi-agent engine for planning best evacuation routes. In this project we used CARIS GIS software to implement floodplain delineation.
Floodplain delineation
Automated floodplain delineation is an excellent tool for producing floodplain extent maps [8, 9] . In the first step of floodplain delineation, CARIS software is used to generate the TIN model from elevation data.
The basic inputs for automated floodplain delineation are the DTM and the water levels at the cross sections obtained from the water gauges (see Figure 2) . The floodplain depth datasets is generated by computing the elevation difference between the water surface TIN (see Figure 3) and the ground surface DTM data. Modelling of water surface using cross sections. Water surface TIN.
can be generated. The intermediate parts of the process involve geo-referencing the water levels, extending the water levels to the floodplain area, and creating a TIN of the water surface. CARIS Spatial Fusion is used to develop a Web Map Interface that dynamically displays maps of current and predicted flood events. This Web GIS software has the capability to allow a spatial query based on a 6-digit postal code [13] , so the users are able to easily locate their area of interest.
The Web-GIS interface is designed to calculate and display the spatial extent of predicted flood plain (see Figure 4) , enabling the visualization of the transportation network, property boundaries, municipal infrastructure, flood polygons and water depth contour lines. Fredericton flood risk map.
Users observations
This part of the Flood Event Forecast & Monitoring (FEFM) system provides a useful way for the public to report observations of flooding or near flooding in their neighbourhood. Figure 5 shows the web page of the primary FEFM web page, with the "Your Observations" link in the lower right.
The "Your Observations" input page is shown in Figure 6 . Once the "Submit" button is pressed, an e-mail is automatically generated to send the observation to an automated system called the agent-based notification system. A design sketch of this system is illustrated in Figure 7 .
A "Your Observation" report at time and date T P triggers a series of events as shown in the steps below.
1. From the given Canadian six-character postal code, determine the corresponding geographical position (latitude, longitude) P = (φ P , λ P ). The geocoded postal codes for Canada are maintained by Statistics Canada [13] , and 2. Find the two closest water level gauges G 1 , G 2 (there are currently 12 gauges in the FEFM area of interest (see e.g. Environment Canada [7] ) to P, and obtain the latest water level readings L 1 , L 2 (along with the time and date of these observations T 1 , T 2 ) from the near real-time water level observation system. Presently, water level gauge observations are recorded approximately once every two hours in our area of interest.
3. Store all parts of the report in a relational database, along with any supplied image and the derived values (P, T P , L 1 , L 2 , T 1 , T 2 ).
The above process provides an ongoing record of flood events that can be important "markers" for issuing flood warnings. With the link to near real-time water level gauge readings, we also record the best scientific data about the water levels at the time of the "Your Observations" report. Over time, this event database can be filtered looking for "significant events" that can trigger an elevated emergency response.
Perhaps more importantly, the "Your Observations" reporting page provides a way for citizens to directly participate in flood monitoring. Design sketch of the agent-based notification system for flood event report processing.
Near real-time bridge pier imagery
As part of the "public awareness" improvement aspects of the FEFM system, we also built and deployed three web camera systems that observe bridge piers continuously [14] on a regularly updated basis (e.g. a new image once every two hours). Figure 8 shows the camera and solar panel beneath the Princess Margaret Bridge. The primary motivation in building these stand-along bridge pier imaging systems is to provide public awareness of the actual height of the water from recognizable land-marks. Our conjecture is that over time, the "flood-stage" water level imagery will become clearly recognizable in the images, and reinforce the urgency of any "rising water" warnings issued by emergency measures organizations. 
Conclusions
In order to deal with the shortcomings of flood prediction using only hydrologic modelling and GIS, we have developed a Web based decision support system for dynamic flood prediction and monitoring. This paper focuses on dynamic floodplain delineation, integration of bridge sensors and users observations and online map interfaces. A Web-based GIS model has been developed to dynamically provide observed and predicted information for decision makers and the general public. The system enables the visualization of the impact of flood events in near-real-time. With satellite imagery and digital elevation model of the www.witpress.com, ISSN 1743-3541 (on-line) flood plain area, we can access web-based prediction that models current flood events, and can show how the water progresses based on the output from hydrological modelling for the next 48 hours along the lower Saint John River Valley. This research will provide the foundation for a revised decision support system that will result in improvements to the prevention, mitigation, response, and recovery from flood events along the lower Saint John River.
